INTRODUCTION
Spallation is one of many experimental configurations that can produce controlled dynamic fracture for research purposes. Spallation is defined as a dynamic uniaxial strain fracture experiment. It occurs in a material due to tensile stresses generated by the interaction of two release (rarefaction) waves [ 13. Ductile spallation is a process of damage accumulation and linkage which differs drastically fiom ductile fracture damage in the uniaxial tensile test by virtue of the stress state and the rate of damage accumalation. In the tensile test, voids are subject to a nearly uniaxial tensile stress field; homogeneous plastic strain dominates the flow process from the early stages. Due to the uniaxial deformation field the voids grow as elongated ellipsoids and the overall change in vicinity of failure is small, on the order of 5% [2] . In contrast, in ductile spallation, voids are subject to extremely high, nearly isotropic, triaxial, and very localized hydrostatic stress fields. Void growth and coalescence dominate all stages of the damage process to a porosity of up to about 30% at the principal spall plane. Voids assume nearly spherical shapes due to the isotropic triaxial stress field. The growth rate of voids is very high and the void distribution is dictated by the large gradient in stress generated by the interaction of release waves. Porosity, void formation, growth, and coalescence therefore, are important variables in descriptions of spallation and the fracture criteria of the material [ 1, 3, An impactor is launched at a stationary plate sample in a spallation plate impact experiment. Impact results in loading that induces a shock wave at the impact plane. The shock waves travel fiom the impact plane to the flyer plate back surface and the target back surface. Reflection of the waves occur at the free surfaces. The two release shock waves meet inside the sample to produce a region of tension. The sample will fail within this region and separate into two pieces if the amplitude of the tensile wave exceeds the spall strength of the material. Otherwise, the sample will develop an incipient deformation zone within this region with characteristic voids, cracks, and plastic deformation. In addition to the damage process the shock wave preceding spallation produces extensive shock hardening of the material and thus a reduction in the work hardening capacity.
The process of deformation and fracture can be investigated by using a "soft" sample recovery system and microscopic observation of the damage after the impact [I]. VlSAR laser interferometry can be employed to record the back free surface velocity of the target [S, 61. Both techniques were utilized in this study of spallation properties of commercial-purity tantalum subjected to a peak shock pressure just below
41.
spallation. The reason for choosing this peak pressure was to obtain an incipient deformation zone to study evolving porosity, void formation and their distribution [7] .
In this paper, two evolutionary parameters of ductile fracture void formation are quantified: (i) the porosity with respect to the distance from the main spall fracture plane and (ii) the statistical void diameter distribution. In a companion paper by D. L. Tonks et al. in this volume the implications of statistical void linking and coalescence to micromechanical modeling of ductile fracture are discussed.
A micromechanical model of spall is a.theoretica1 analysis that attempts to explain, fiom more fundamental principles [8-111, the microscale interactions of voids which form complex fi.acture patterns (e.g., Figure 1 ). Quantification of parameters in a micromechanical model, in combination with wavepropagation and spall calculations, should lead to an improved explanation of observed spall signals in materials undergoing void nucleation, growth and coalescence under dynamic loading conditions. 
MATERIAL AND EXPERIMENT DESCRIPTION
In this study we used commercially pure (triple electron beam arc melted) unalloyed tantalum plate with a measured composition of 6 ppm carbon, 24 ppm nitrogen, 56 ppm oxygen, < 1 ppm hydrogen, 19 ppm iron, 25 ppm nickel, 9 ppm chromium, 41 ppm tungsten, 26 ppm niobium, and the balance tantalum. The tantalum plate was in an annealed condition and had an equiaxed grain structure of 68 mm grain size [12].
Spa11 Experiments
We performed uniaxial strain spall tests utilizing an 80-mm single-stage launcher and recovery techniques as previously described [ 11. VISAR interferometry was used to record the free surface velocity of the samples [S, 61. A number of previous reports have described shock compression and release in metals including tantalum [ 13-19]. Tantalum's mode of failure and hence, spall strength are known to be a function of shock amplitude. Previous recovery and non-recovery spall tests reported a 5.2 GPa spall strength for a 6 GPa shock amplitude, 7.3 GPa spall strength for a 9.5 GPa shock amplitude, and 3.0 to 4.5 GPa spall strength for a 15 GPa shock amplitude [7, 12, 201. These spall strength values compare favorably with our results [21] . Tantalum samples for this investigation were spalled at -7.0 GPa peak pressure and a 1 ps pulse duration under symmetric impact conditions in order to develop an incipient spall. Recovered spalled samples were analyzed using optical microscopy to characterize the fracture morphology.
Microscopy
The spall test of commercially pure tantalum performed at a -7.0 GPa peak pressure developed an incipient spall. The cross section of the recovered, polished, and lightly etched [22] spall sample showed almost spherical voids running across the entire damaged area with multiple linking ranges connecting individual voids. Figure 1 shows a fiagment of the cross section of the incipiently spalled sample used in the following analysis. There are two salient feature of the micrograph (a) the voids are spherical due to the magnitude of the hydrostatic stresses and (b) the degree of porosity is large because the damage process is localized due to the severe stress gradients and high strain rate.
Quantitative analysis
Qualitative analytical descriptions of ductile fracture in spall were sufficient for most research purposes in the past. However, emerging models which try to describe ductile ftacture are in need of quantitative parameters that would accurately describe evolutionary processes occuring during spall deformation leading to fracture. At present, most of the quantitative measurements of the crucial parameters that characterize ductile fracture (voids, void distribution, void linking ranges etc.) are possible using computer hardware and software. These measurements however, still require major interaction, decision making, and some pattern recognition help from the operator. The method described below was developed to quantify the deformation obtained in a spall test of tantalum.
The two and three dimensional analysis
Image Pro@ software was used for the two dimensional quantification of the voids of the spalled tantalum sample. The image acquisition system consists of a metallographic microscope fitted with a video camera connected to a computer through a frame grabber. Individual images were captured at 740x480 pixel resolution at 24 bits color. The analysis was performed on a montage of 10 image frames taken at SOX magnification which represent the entire sample cross section. The advantages of analyzing a montage over individual images are the great reduction of edge effects which are magnification dependent, and a number increase in analyzed features.
A WYKO RST-Plus@, an optical profilometry system, was used for depth measurements of individual voids. RST-Plus is an optical, non-contact, profilometry system that utilizes interferometric techniques [23] . The system consists of an optical microscope fitted with an interferometer, a video camera, and a computer control and acquisition system.
The Image Pro@ software allows us to identify voids and measure their location, size, aspect ratio, and the average diameter. This information, when combined with the data from the optical profilometry system that measures the depth of individual voids, gives us the three dimensional representation of the voids at the planar cut through the spalled samples. The main assumption we are making in our analysis of the measured data is that the voids are perfectly spherical, however we are able to measure the aspect ratio of the voids. In addition, on the metallographically cut surface (perpendicular to the plane of Figure 2 ), only those cross sections of the voids will be visible that come in contact with the cut surface. Voids present below the surface, regardless of their size, will not be included in the surface count of the quantitative analysis. In our test, the void size and their distribution change with the distance from the principal spall plane. As a result, the quantified total porosity, which we defme as the fraction of void area at a statistically representative cut through the spall plane, may not be equivalent to the total fraction of void volume in the analyzed spalled sample. The total fraction of void volume in fact will be underestimated. We are assuming in our porosity analysis that the void firactional area at a planar cut is representative of their volume fraction. This has been shown analytically to be valid for the case of randomly distributed spheres of uniform size [24] . However, the void sizes are not uniform, but have a distribution. The depth measurement of a void (using a RST-Plus) allows us to calculate its equivalent void volume, by reevaluating the void diameter (the base of a sphere) based on the relationship between its measured void depth and its area measured at the metallographic cut (using Image Pro). Therefore, the availability of three dimensional probing of the voids (their surface area and a corresponding depth) is invaluable. The assessment of 3D volumetric damage fiom 2D images is a problem of considerable richness. There are early references to this problem [24] . and many others are summed in the Archive for History of Exact Sciences [25] , [26] and a more recent treatment is available in [27] .
Assumptions and liinitations
There are additional limitations of our measurement technique arising from the need to use several different software packages to acquire the data and the need of operator help in decision making and in pattern recognition duGng the data collection process. Therefore, the data collection process may become tedious and time consuming when a large data set is required for statistical analysis. Figure 3 shows the porosity as ,a function of the distance from the spall plane, where the spall plane is defined as the plane of maximum porosity. The porosity is defined here as a total void fractional area (the base of a spherical void) on the statistically random metallographic cut normal to the spall plane. There are several interesting findings resulting from this plot: (i) The porosity at the spall plane is about 0.26. This result is in excellent agreement with the previously measured and predicted condition for fracture in a spall test as expressed in terms of critical porosity. Ductile fracture in spallation is preceded by a large increase in porosity. In the case of copper the porosity was 0.30, at the fully spalled plane, as measured and predicted by [28] and [3] , respectively. (ii) The porosity is not symmetrical with respect to the spall plane. When examining Figure 3 , we observe secondary peaks of porosity appearing regularly, approximately every 135 pm, on the left side of the spall plane, which in our test corresponds to the projectile side of a sample. We believe that this is evidence of an interaction of the release wave (initiated fiom the free surfaces of the large void clusters evolving at the principal spall plane) with the rarefaction wave. Multiple spall layers have been observed in metals subject to explosive loading [29, 301 and have been analyzed in terms of a dynamic void growth model [3] . However, 'the presence of periodic incipient spa11 planes in a flat-plate-impact recovery experiment, while a normal consequence of the coupling between void growth and wave propagation, is thought to be previously unobserved. Figure 4 (a) shows a distribution of the equivalent void diameters fitted to a log-normal density distribution function. From one metallographic cut, 322 voids, ranging in diameter from 14 pn to 389 p were analyzed, and for graphing purposes all the data were consolidated into thirteen (13) -25 microns wide bins. Figure 4(b) is a cumulative percentage probability graph of measured void diameters using the equivalent void diameter and the void diameter (base) as indicated by a two dimensional metallographic image. The equivalent void diameter is the diameter of a void which corresponds to the three dimensional sphere representing a void. Figure 2 defines the equivalent void diameter and the void base. 4(b) indicates that the equivalent void diameters are significantly larger than the two dimensional (base) void diameter. Both diameter distributions are well described by a straight line in Figure 4 (b) within the limits imposed by the measurement method and size of the data set and therefore indicate that a lognormal description of the data is appropriate. The equivalent void diameter at the distribution function maximum (mode) is about 58 pm in Fig. 4(a) , while the median diameters are about 95 and 68 pm (Fig. 4  (b) ) for the equivalent void diameter and base void diameter, respectively.
Analysis of the data.

SUMMARY
The current work gives a quantitative analysis of the damage accumulation process related to spallation. The results show that the spatial distribution of stress state and strain rate in shock loading are reflected in both the void shape and the distribution of voids observed in spallation. There are secondary maxima in porosity produced due to the complex reflection of the shock waves. Please review this paper with as much care as you would give to a review for a high quality journal. Remember that the continued effectiveness of our peer review system is essential to maintaining the high standards that MST-5 has for its publications. Reviewing technical papers is an intellectual process that includes both subjective and objective elements. The reviewer must be objective in the sense of eliminating any personal bias he may have toward the subjective matter. At the same time the reviewer must evaluate a list of possible attributes, for the reviewer will almost always have some reactions that fall outside the scope of the guidelines given below. Nevertheless,.the following list provides a minimal set of characteristics which should be evaluated.
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